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Quantum dotsA novel in vitro membrane system mimicking the ﬁrst steps of integrin-mediated cell spreading has been
developed and characterized. We have reconstituted the transmembrane αIIbβ3 integrin into giant
unilamellar vesicles (GUVs). The reconstitution process has been validated by analyzing protein
incorporation and biological activity by checking the speciﬁc interaction of GUVs containing integrin with
quantum dots (QD) or surfaces coated with the integrin receptor tri-peptide RGD. 1 The spreading dynamics
of integrin-functionalized GUVs onto ﬁbrinogen-coated surfaces has been monitored by Reﬂection
Interference Contrast Microscopy (RICM). Our results are quantitatively consistent with a theoretical model
based on a dewetting process coupled to binder diffusion and provide a comprehensive description of the
following sequence: i) nucleation and growth of adhesive patches coupled to the diffusion of the adhesive
proteins to these adhesive zones ii) fusion of patches and formation of an adhesive ring iii) complete
spreading of the GUV by dewetting of the central liquid ﬁlm from the border to form an adhesive circular
patch that is not signiﬁcantly enriched in integrins, as compared to the unbound membrane. This ﬁnding is
consistent with the recognized role of the actin cytoskeleton in stabilizing focal complexes and focal
adhesions in a cell-extracellular matrix contact. These very large unilamellar integrin-containing vesicles
provide a unique artiﬁcial system, which could be further developed towards realistic cell mimic and used to
study the complexity of integrin-mediated cell spreading.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Cellular adhesion is a crucial cell function for establishing cell–cell
contacts in tissues or cell-extracellular matrix contacts. The adhesive
structure of tissues must be dynamical to enable remodeling of the
contacts during embryogenesis, wound healing or cell migration.
Cell–cell and cell–matrix adhesion are mediated by weak speciﬁc
interactions between pairs of specialized ligands and receptor
proteins, the Cell Adhesion Molecules (CAM). A very important family
of cell-extracellular matrix adhesionmolecules are the integrins, most
of which bind to proteins containing the tri-peptide Arg-Gly-Asp
(RGD), such as ﬁbrinogen or ﬁbronectin. It is well known that the
adhesion proteins interact with actin ﬁlaments via a large number of
different proteins forming multi-molecular complexes [1]. In the case
of integrins, these complexes form typically within tens of minutesreau).
ligand and RGD/ﬁbrinogen as
ll rights reserved.after contact leading to structures called focal adhesions (Ref. [2] and
references therein). The initial steps of cell spreading have been
studied in vitro in the past years [2–6]; ref. [2] suggests that the
spreading kinetics is dominated by the deformation of the cortical
actin layer, and that the contribution of the adhesive proteins cannot
be distinguished in these experiments. At the molecular level, the
mechanical behavior of single ligand–receptors bonds has also been
studied in detail, in particular using force sensitive probes such as the
AFM or the Biomembrane Force Probe [7–11]. At a larger scale, the
detachment of cells containing integrins from vesicles with their RGD
receptors was also investigated [12]. Nevertheless, in order to study
the collective contribution of CAMs to the cell spreading process, it is
well suited to study the adhesion of giant liposomes functionalized
with CAMs [13]. Different pairs of ligand–receptor molecules have
been investigated in the past years. The streptavidin–biotin couple, in
this respect, has been extensively used as amodel system for adhesion
[14–19]. More biologically relevant CAM molecules have also been
studied, such as the csA glycoproteins from Dictyostelium discoideum,
[20,21], Sialyl-Lewis(x) interacting with E-selectin [22–24], cadherins
[25] or eventually integrin interacting with RGD peptides [26–29].
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the adhesion of a cell on a matrix, as the integrin was located on the
solid substrate, whereas RGD-terminated lipids were incorporated in
the membrane, producing a reverse geometry. This geometry already
produced new insights on the kinetics of spreading and on the
distribution of RGDs in the adhesion patch, but has clear limitations
for further developments of biomimetic cells containing actin inside.
In this work, we have been able to reconstitute the integrin αIIbβ3
puriﬁed from human platelets into giant unilamellar vesicles (GUVs).
The functionality of the integrin has been checked at the different steps
of the preparation. Using Reﬂection Interference Contrast Microscopy
technique (RICM), we have also monitored the spreading kinetics of
integrin-functionalized GUVs onto solid substrates coated with ﬁbrin-
ogen, a RGD-containing protein. We will show that we can distinguish
two consecutive regimes, both well described by a unifying theoretical
model coupling diffusion of adhesive molecules along the lipid
membrane and dewetting of the water ﬁlm trapped underneath the
bilayer: the ﬁrst regime, where several adhesive patches nucleate, is
dominated by the diffusion of the integrins towards the adhesion zones;
after the individual growing patches merge into an adhesive ring, the
second regime is described as a classical dewetting process.
2. Materials and methods
2.1. Chemicals
Puriﬁed egg yolk L-α-phosphatidylcholine (EPC), L-α-phosphatidic
acid (EPA), and 1,2 dipalmitoyl-sn-glycero-3-phophoethanolamine N-
(methoxy(polyethyleneglycol)-2000) (DPPE-PEG2000) were pur-
chased from Avanti Polar Lipids (Alabaster, AL), Triton X-100 was
from Roche Diagnostics (Mannheim, Germany). Biobeads SM-2 (25–50
mesh)were obtained fromBio-Rad (Hercule, CA).Humanplasminogen-
depleted ﬁbrinogen was obtained fromMerck, USA. The RGD derivated
Peptide 1 (CCCSSSRGD) was prepared according to our previous
described method [30] and the PEG peptide 2 was purchased from
Neopeptide (see Fig. 1A for the details of the structure) [30]. The tri-
peptide Arg-Gly-Asp (RGD) was purchased from Sigma Aldrich, France.
Hydrophobic Quantum dots, with an emission intensity of 603 nm
and stabilized with TOPO ligands (TOPO-QD with λem=603 nm)
(Fig. 1B) were coated with a mixture of synthetic peptides 1 bearing
with the RGD peptide and 2 (with a PEG terminal group) according to
our previously described method [30]. The excess of peptides was
removed by successive ﬁltrations on pre-packed size exclusion
Sephadex columns (NAPTM-5 Columns, GE Healthcare). Two types of
quantum dots were prepared starting: i) with a peptide mixture 1:2
(50/50), noted RGD-QD and ii) with pure peptide 2 (PEG-QD). Both
were stored in a borate buffer at pH 8.3. Hydrodynamical diameters
weremeasured by dynamic light scattering (Fig. 1C). Optical properties
weremeasured byusing a Fluoromax spectroﬂuorimeter and a Cary 100
Varian UV-spectrometer. A 0.5% agarose electrophoresis gel was
performed to conﬁrm the functionalization of the quantum dots RGD-
QDs and PEG-QDs according to our described conditions [30] (see
Fig. 1D).
2.2. Protein puriﬁcation and labeling
Integrin αIIbβ3 was extracted with Triton X-100 (Sigma Aldrich,
Germany) from outdated human blood platelets obtained via the Red
Cross Germany, and puriﬁed via afﬁnity chromatography over Con-A-
and Heparin-columns, and by gel ﬁltration over Sephacryl S300 (GE
Healthcare,Munich, Germany) [31]. Functionof thepuriﬁedproteinwas
checked by an Enzyme-linked Immunosorbent Assay (ELISA) on
ﬁbrinogen-coatedmicroplateswith a rabbit polyclonal antibody speciﬁc
for the cytoplasmicmoiety of integrinαIIb as ﬁrst, and a polyclonal anti-
rabbit IgG, labeled with alkaline phosphatase, as second antibody.One portion of the protein was ﬂuorescently labeled with the
amine-reactive compound (5-(and 6-) carboxytetramethylrhoda-
mine, succinimidyl ester, (5(6)-TAMRA)). 50–100 μl of a 10 mg/ml
solution of the reactive compound in water-free DMF was added to
1 mg protein solution under stirring and incubated for 1 h. The
protein and the non-bound compoundwere separated by gel ﬁltration
(Superpose 6 column, GE Healthcare, Munich, Germany).
2.3. SUV preparation
The protein was reconstituted into proteoliposomes according to
the general procedure developed by Rigaud and co-workers [32,33].
Typically, pure liposomes at 2 mg/ml were prepared by sonication in
water with a lipid composition of 85 mol% EPC, 10 mol% EPA, 5 mol%
DPPE-PEG2000 and were completely solubilized into mixed micelles
at detergent/lipid ratios of 2(w/w) for Triton X-100. Then aliquots of
the detergent-solubilized integrin were added under slow stirring to
the detergent–lipid mixture at a 1:8.000 protein–lipid ratio. After
30 min–1 h incubation at room temperature, the detergent was
removed by adding 30 mg pre-washed SM2 BioBeads per milligram
of detergent and 1 h–10 h to ensure full detergent removal [34]. After
complete detergent removal, the reconstituted proteoliposomes were
separated from the beads by aspirating the supernatant. The obtained
solution was stored at −20 °C up to four weeks.
2.4. Assay for monitoring protein activity (spectroﬂuorimetry on
proteoliposomes)
280 µl of the SUV preparation with a 1 mg/ml lipid concentration,
was mixed with functionalized Quantum Dots yielding a ﬁnal con-
centration of 200 nM QD.
Five samples were prepared:
Sample 1 – A blank sample containing only RGD-QDs in H2O
Sample 2 – Proteoliposomes+RGD-QDs
Sample 3 – Proteoliposomes+PEG-QDs
Sample 4 – SUVs without protein+RGD-QDs
Sample 5 – SUVs without protein+PEG-QDs
Liposomes and proteoliposomes were incubated with RGD-QDs
and PEG-QDs, respectively for 45–60 min. Solutions were puriﬁed on
a sucrose gradient to allow the removal of the unbound QDs via ultra-
centrifugation. First, the sample was mixed with a 60% sucrose
solution to give a total volume of 1 ml. 6 ml of 40% sucrose solution
was carefully layered over this solution followed by 3.5 ml of a 5%
sucrose solution. The sample was then centrifuged for 15 h at 4 °C
(Beckmann L80, rotor SW41, 38 000 rpm). After centrifugation, the
liposomes and proteoliposomes, respectively formed a white band at
the interface of the 5% and the 40% solutions. This white band was
carefully extracted and the ﬂuorescence emission spectrum for this
fraction was measured at λex=360 nm with a LS50B Perkin Elmer
spectroﬂuorimeter.
2.5. GUV preparation
Giant unilamellar vesicles containing integrins were prepared by
adapting the electroformation technique previously designed in our
group [35]. Droplets of typically 1.5 μl of the proteoliposome prepara-
tion were carefully deposited on indium tin oxide (ITO) coated glass
slides. The ﬁlm was then partially dried for 2 h in a desiccator under
saturated vapor pressure of a saturated NaCl solution. After partial
dehydration, an electroformation chamber was built with the two ITO
slides separated by 1 mm Teﬂon spacers and sealed with paste Sigillum
wax (Vitrex, Copenhagen, Denmark). About 1 ml 180 mOsM sucrose
solution was added, and the conductive glasses were connected to
copper electrodes. For electroformation, an AC electric ﬁeld provided by
Fig. 1.Quantum dots A) Chemical structures of the peptides used for the Quantum dots functionalized with RGD peptide (1) or PEG peptide (2) prepared by ligand exchangemethod.
B) UV and ﬂuorescence spectra of the RGD-QDs (50 mol%:50 mol% 1:2) (dashed line) and PEG-QDs (100 mol% 2) (full line) used C) their corresponding hydrodynamical diameter
histograms obtained by Dynamic Light Scattering, D) Agarose gel electrophoresis of the QDs composed of: a) 100 mol% 1; b) 50 mol% :50 mol% 1:2, c) 10 mol% :90 mol% 1:2, d)
100 mol% 2.
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incremented every 5 min from 20 mV to 1.1 V at 10 Hz frequency
(sinusoid,RMS). Thevesicle formationwas checkedunderamicroscope.
Then, the AC frequency was lowered to 4 Hz (square wave, RMS) for
30 min to detach the giant vesicles from the glass slide.
2.6. Biofunctionalized surfaces
Adhesive surfaces were prepared by adsorbing ﬁbrinogen to glass
surfaces previously cleaned with a 3:1 mixture of sulfuric acid and
hydrogen peroxide (“Piranha mix”). Typically, ﬁbrinogen in a 10 mM
HEPES buffer solution (1 mg/ml) was spread onto the glass surface by
capillarity by introducing a drop of protein solution between the glass
substrate and a Paraﬁlm® sheet and incubated for 1 h at room tem-
perature. The samplewas rinsedwith buffered glucose solution (pH 7.4,
180 mOsM glucose, 10 mM TRIS, 1 mMMg2+, 1 m Mn2+).
Passivated surfaces were prepared by adsorbing casein to cleaned
glass surfaces. For this, we used casein in a 10 mMHEPES buffer solution
(1 mg/ml) and followed the same protocol as for ﬁbrinogen.
2.7. Observation of GUVs
The interaction of giant vesicles with biofunctionalized surfaces was
observed by phase contrast, ﬂuorescence microscopy or reﬂection
interference contrast microscopy (RICM) with an inverted microscope
(Axiovert 135, Carl Zeiss, Germany) equippedwith a digital cooled CCDcamera (CoolSnap, Roper) and using a ×63 objective (Zeiss Anti-Flex
Plan-Neoﬂuar x63 /1.25 Oil Ph3). Phase contrast microscopy was used
to visualize the overall morphology of GUVs. RICM is a well established
interference technique that enables to visualize the interaction between
a membrane and a transparent surface [36]. We used a monochromatic
episcopic illumination produced by a HBO mercury lamp and an
interferenceﬁlter (λ=546 nm,Δλ=5 nm). Incorporationof integrin in
GUVs was monitored with ﬂuorescence microscopy using a TRITC
(Tetramethylrhodamine) ﬁlter set. For this purpose, 20 µl of the
integrin-decorated vesicles solution was transferred into the observa-
tion chamber (22×22 mm2 wide and 1 mm high, with adhesive or
passivated surfaces) containing 10 mMHEPES buffered glucose solution
(pH 7.4) at 5% lower osmolarity then the GUV sucrose solution. 1 mM
MgCl2 and1 mMMnCl2were added. Thedensity difference between the
outside (glucose) and the inside (sucrose) of the vesicles allowed their
sedimentation, and the refractive index gradient enhanced the image
contrast. For adhesive surfaces (ﬁbrinogen), ﬁrst adhesion events
occurred within about 5 min and adhesion was completed within
approximately 60 min. For non-adhesive surfaces (casein), non-
adhering vesicles were detected.2.8. Assay for monitoring protein incorporation
Incorporationof TAMRA-labeledproteins intoGUVswasanalyzedby
confocal ﬂuorescence microscopy using a setup based on a commercial
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confocal system (Nikon) with two laser lines (488 nm, 543 nm).
3. Results
We have developed a protocol (see Materials and methods section
above) allowing for thepreparationofGUVswith reconstituted integrin.
A few technical points appeared to be crucial to reproducibly obtain
spherical anddefect-freevesicles. i) the lipid:proteinmixture shouldnot
exceed 8000:1. Above this ratio, we obtained mainly multilamellar
vesicles with non-spherical shapes. Note that this concentration of
adhesion proteins in the membrane (which corresponds to typically
1000 integrin molecules per µm2) is of the same order of magnitude as
many cell types [37], but is oneorder ofmagnitude lower than theαIIbβ3
integrin concentration in platelets, fromwhich we puriﬁed the protein.
ii)GUVmust contain10%EPA lipidsand5%DPPE-PEG2000; iii)Duration
of incubationwithbiobeads andof electroformation shouldbe increased
as compared with previous protocols (typically overnight). Our current
protocol produces GUVs of typically 20 to 40 µm diameter, as shown
with phase contrast microscopy (Fig. 2). Both the presence of integrins
in the GUVs and their functionality were further tested to conﬁrm the
successful reconstitution.
3.1. Incorporation and activity of integrin in small proteoliposomes
The ﬁrst test was to check whether the integrin was effectively
reconstituted in the small proteoliposomes and remained active at
this stage of the reconstitution process. Integrin αIIbβ3 can interact
with the tri-peptide Arg-Gly-Asp (RGD), which is present in its
natural substrate, ﬁbrinogen. We have used 2 types of Quantum Dots
(QD), either speciﬁc QD (RGD-QD) or passive QDs (PEG-QD). Speciﬁc
QD were prepared by peptidic ligand exchange method [30] starting
from amixture of synthetic peptides including 50 mol% RGD peptide 1
and 50 mol% of a PEG peptide 2. We previously observed that it is
necessary to introduce a small hexaethyleneglycol unit (PEG) to avoid
non-speciﬁc interaction with the cell membrane, therefore we used
the peptide 2 to dilute the RGD peptide on the QD surface (A. Dif, F.
Boulmedais, M. Baudy-Floc'h, F. Coquelle, J. Piehler, P. Neveu, L. Jullien,
M. Dahan, Z. Gueroui, V. Marchi-Artzner, unpublished data). Themean
hydrodynamical diameters of these QD were found to be 15 nm for
RGD-QD and 10 nm in the case of PEG-QD. The electrophoresis gel
analysis conﬁrmed that the functionalized QD were stable and well-
deﬁned in size. In addition, the migration was decreasing while theFig. 2. Typical GUVs containing integrins observed with phase contrast microscopy in
the growth chamber. Bar, 10 µm.RGD peptide 1 ratio was increased in the initial peptide mixture (see
Fig. 1D). The RGD-QD can speciﬁcally interact with integrin-contain-
ing liposomes and the passive PEG-QD were used as a control. The
interaction of the QD with the proteoliposomes was assessed by
spectroﬂuorimetry. As shown in Fig. 3, the integrin-containing
proteoliposomes interact with the RGD-QD, while practically no ﬂuo-
rescence was observed in the proteoliposome / PEG-QD mixture. As a
second control, we showed that the PEG-QD did not interact with
either the pure lipid mixture or with the proteoliposomes. This ﬁrst
set of experiments shows that the RGD-QD speciﬁcally interact with
the integrin-containing proteoliposomes, indicating that the integrin
is incorporated during SUV formation and conﬁrming that the integrin
is still active at this stage of the reconstitution.
3.2. Protein incorporation into GUVs – effect of electroformation
In order to show the presence of integrin in the GUV after elec-
troformation, we have incorporated a fraction of 5% of ﬂuorescent 5(6)-
TAMRA-labeled integrins during GUV preparation. 5(6)-TAMRA is a
rhodamine derivate, with a red ﬂuorescence emission (emission
maximum λ=576 nm). Confocal microscopy shows that the ﬂuores-
cently labeled proteins are indeed incorporated into the membrane
(Fig. 4). Note that the incorporation is homogeneouswith no detectable
clustering of integrins.
ELISA tests on proteolimosomes and on liposomes before and after
electroformation, on TAMRA-labeled and non-labeled integrins, did
not show qualitative differences, suggesting that electroformation
and the ﬂuorescent labeling did not affect the integrity of integrin.
3.3. Adhesion assays
To further test the functionality of integrin αIIbβ3 after reconsti-
tution and electroformation, adhesion studies were performed using
passivated and adhesive biofunctionalized solid substrates.
3.4. Passivated surfaces
For passivated surfaces, an observation chamber with a casein-
coated surface was prepared. The chamber was ﬁlled with HEPES
bufferedglucose at pH7.4,whichhas beenproven to help the integrin to
retain its functionality [38]. Furthermore, divalent ions (Mg2+, Mn2+,
1 mM each) necessary for the correct functioning of the integrin were
also added to the buffer solution [39]. Integrin-containing GUVs were
injected in this chamber. RICM shows that these GUVs, even in the
presence of divalent ions, do not spread onto the surface coated with
casein (Fig. 5). Indeed, the interference pattern constantly ﬂuctuates
and does not show a ﬁxed dark zone. The presence of PEG polymers onFig. 3. Fluorescence spectra from proteoliposome or pure lipid liposome solutions
incubated with QDs either functionalized with RGD peptides (RGD-QD) or coated with
zwitterionic PEG polymers (PEG-QD).
Fig. 4. Confocal image of a GUV containing 5% of the integrins ﬂuorescently labeled with
TAMRA. Bar, 10 µm.
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as mentioned in [27].
3.4.1. Adhesive surfaces
Fibrinogen, anRGD-carrying protein, is the natural receptor toαIIbβ3
integrin in platelets andwas therefore used to functionalize surfaces for
adhesion tests. We expect that integrins that are correctly incorporatedFig. 5. GUVs containing integrins interacting with a non-adhering casein substrate: A)
no adhesion is detected with RICM B) Scheme of the system. Bar 10 µm.into the membrane of a GUV and retain their activity should be able to
recognize their RGD receptors immobilized on a surface. In our
preparation conditions, we expect the surface to be fully covered with
ﬁbrinogen. Accordingly, an observation chamber with a ﬁbrinogen-
functionalized surface was prepared and integrin-containing GUVs
were injected. As for the studies with casein-coated substrates, the
chamber was ﬁlled with HEPES buffered glucose of pH 7.4 also
containing divalent ions. Integrin-containing vesicles adhered and
spread on the ﬁbrinogen-covered surfaces, as shown by the static
dark patch in RICM (Fig. 6). The spreading is completed in typically 20–
30 min. The adhesion on surfaces coated with ﬁbrinogen further
demonstrates that integrin αIIbβ3 retains its biological functionality
as a ligand for RGD and/or ﬁbrinogen after reconstitution and
electroformation.
When GUVs containing integrin were incubated in a RGD solution
prior to injection on the ﬁbrinogen-coated substrate, adhesion was
completely suppressed (data not shown). This suggests that the RGD
peptides are able to bind to the integrins of the GUV, thus protecting
the GUV from further interaction with the ﬁbrinogen.
We show, with these two sets of experiments, that the recon-
stituted integrin αIIbβ3 is able to interact with its RGD receptor either
immobilized on a solid substrate or in solution.3.4.2. Adhesion dynamics of integrin-decorated vesicles
Wehave studied inmore details the spreading dynamics of integrin-
containing GUVs. After injection into the observation chamber,Fig. 6. GUVs containing integrins interacting with a ﬁbrinogen-coated substrate: A)
adhesion is detected with RICM (black patch) B) Scheme of the system. Bar, 10 µm.
Fig. 8. Growth kinetics of adhesive patches at short times. The evolution of the area of 3
individual patches (a, b and c) as a function of time is plotted (symbols). The
coalescence of two patches gives rise to sudden increases in the adhesive area (for
instance, b and c become b+c at 110 s – solid line). For comparison, the dashed line
shows the variation of the total adhesion surface (a+b+c+all other adhesive
patches) as a function of time.
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following typical sequence is then observed with RICM. An annular
region at the bottom of the vesicle ﬁrstﬂuctuates close to the surface (at
an elevation lower than amicrometer, as indicated by the appearance of
faint interference fringes) (Fig. 7A), suggesting a dimple proﬁle for the
membrane of the vesicle in proximity of the substrate. After typically
1 min, a ﬁrst contact, which appears as a small black disk in the RICM
snapshots (arrows on Fig. 7A and B), is established at the rim of the
ﬂuctuating ring, additional contact points are then nucleated in the
same annular zone (Fig. 7C). These adhesion patches grow over a few
minutes (Fig. 7C to E), eventually fuse and forma closed adhesion ring at
the border of the contact zone (Fig. 7F). The next typical step in this
adhesion process corresponds to the gradual closure of the ring and the
adhesion of the central part. The transition from adhering ring to
homogeneous dark adhesion disk (Fig. 8I to H) takes typically 10 to
15 min, although this time-range depends on the size of the vesicle
(small vesicles adhere faster). Remarkably (and maybe coincidentally),
the adhesionoccurs in a similar time-range as the spreadingdynamicsof
cells [2,4–6]. From the image sequence in Fig. 7, it is apparent that the
adhesion dynamics can be separated into three essential steps: 1) for-
mation of single adhesion patches, 2) coalescence of single patches
eventually leading to an adhesive ring and 3) ring to disk transition.
To resolve the individual steps during adhesion, the area of
individual adhesion patches has been analyzed as a function of time
(Fig. 8). The total adhesion area, representing the sum of the area of all
the individual adhesion patches, has been plotted for comparison (in
black). A systematic, approximately linear, increase is evident for each
single patch. This linear growth is hidden in the plot of the total area
because of delayed fusion events between patches. After the individual
patches fuse to forma ring, the total adhered area continues to increase
thereby converting the adhesion ring to one homogeneous adhesion
disk at longer times. To analyze this transition, the outer and inner
perimeters of the adhesion ring have been plotted as a function of time
(Fig. 9). Before the full ring formation, the outer perimeter corresponds
to the sum of the perimeters of all patches. This quantity suddenly
decreases when the fusion process of the patches is complete and the
ring is fully formed (in Fig. 9 at t≈300 s). At this stage, we can also
measure the inner perimeter of the adhesion zone. Whereas the outer
perimeter remains constant, the inner perimeter decreases linearly
with time, until the adhesion zone forms a full disk. The growth
dynamics of single patches and of the adhesion disk will be compared
to theoretical predictions in the discussion. The intermediate state,
where patches interact and fuse forming the ring, will not be discussedFig. 7. Spreading sequence of an integrin-reconstituted GUV observed with RICM. The imag
1 min C) 2 min D) 3 min E) 4 min F) 7 min G) 12 min H) 22 min. Black arrows indicate thefurther as no satisfactory theoretical model could be proposed for this
regime.
Note that only large (with a diameter larger than 30 μm) ﬂoppy
vesicles have been considered in this study. We estimate their initial
tension to be at the maximum of the order of 10−6N/m as we could
optically detect shape ﬂuctuations. The observations presented here
are representative of this type of vesicles. With vesicles with a
diameter smaller than typically 10–15 μm, the adhesion kinetics was
too fast and single patches could not be distinguished easily. Adhesion
of tensed vesicles (i.e. with no optically detectable ﬂuctuations) has
been rarely observed, as membrane tension competes with integrin-
RGD bond strength, keeping the vesicle from adhering.4. Discussion
Although a large attention was given to the description of the
equilibrium shape of adhering vesicles [40] or to the evaluation of the
adhesion energy [41], theoretical frameworks have also beenes correspond at t = A) 0 min (reference when the GUV sediments on the surface) B)
initiation of adhesion patches. Bar, 10 µm.
Fig. 9. Evolution of the perimeter of the adhesive area during GUV spreading. The short
time regime (tb300 s) corresponds to Fig. 7. At long time, a ring is formed (tN300 s).
The outer and inner perimeters Rout and Rin are plotted (see insert), corresponding to
square and circle plots respectively. Rout remains constant during this long time regime,
whereas Rin linearly decreases with time. The slope gives the dewetting velocity
V=2×10−8m/s. The geometry of the contact edge showing the rim is given in the
inset.
Fig. 10. Universal theoretical laws for spreading. Time and radii of the adhesive patches
have been rescaled following t˜ = ttc and R˜ =
R
Rc
. 2 regimes are observed. At short
times ( ttc b1 and
R
Rc
b1), the diffusion-limited regime in t5/8 (dashed line) is dominant; at
long times ( ttc N 1 and
R
Rc
N 1), the dewetting process (in t) is faster (full line). The cross-
over occurs at ttc = 1 and
R
Rc
= 1.
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(for a recent review, see [13]). Different scenarios depending on the
relative concentration of ligands in the vesicles and of receptors on the
substrate, on the membrane tension of the vesicle and on the binding
energy of the ligand–receptor pair, have been proposed [42].
Similarly, experiments have been performed in various conditions.
Here, we shall brieﬂy review the main ﬁndings and pending issues:
1) at low concentration of ligands in the vesicle, the spreading is
limited by the diffusion of the ligands in the adhesion zone. While
there is a general experimental consensus, which reports that the
area of domains grows roughly linearly in time [14,16,17] ,
discrepancies are found between theoretical models, which
predict an adhesion dynamics characterized either by a t1/2
variation of the contact radius ([14,27] or by a t5/8 power law,
[17], which is difﬁcult to distinguish experimentally from the t1/2
scaling.
2) when the receptor density is low, or conversely, for weak ligand–
receptors pairs, weaker power laws aremeasured [14], but with no
clear-cut theoretical agreement. Whereas somemodels argue for a
reaction-limited process [27], others assign this slowing down
dynamics to a steric hindrance issue [14].
In addition, membrane tension can regulate the spreading velocity
and the number of initial contacts [42]. In some cases, mobility of the
receptors has been introduced by incorporating them in a ﬂuid
supported bilayer [17,43]. So far, no general analytical model has been
able to reconcile these different aspects of speciﬁc membrane
adhesion. Very recently, a paper from Reister-Gottfried et al. [44] has
eventually presented a combined theoretical and numerical approach
introducing speciﬁcally the density and the strength of the adhesion
bonds. Their paper is particularly relevant for weak bonds such as
sialyl-LewisX/E-Selectin or even integrin/RGD. The authors show that
the spreading kinetics cannot be described in general by a simple
power-law, but they propose that an empiric hyperbolic tangent
function for the area scaling, in good agreement with experiments
using sialyl-LewisX/E-Selectin; this function is difﬁcult to distinguish
from the previously observed power laws for low ligand densities or
high ligand–receptor afﬁnity. However, the prefactor describing the
spreading velocity and its dependencewith the different experimental
parameters cannot be easily extracted from these simulations and
applied to other ligand–receptors. In the present paper, our analysis is
different. In experiments, ﬂoppy and heavy vesicles sit on a “cushion”
[42], a thin intercalated ﬁlm, which dewets when ligand–receptorpairs join together. This explainswhywepropose an alternativemodel
based on dewetting for the growth of the adhesive patch. As we will
show, our analytical approach, based on previousmodels of de Gennes
and Brochard-Wyart [17,42], can describe consistently both the
growth of single patches and the closure of the adhesive ring. Besides,
the power law prefactors can be explicitly derived and compared to
experimental values for further validation of the model.4.1. Theoretical description
For the sake of clarity, we neglect the dimple that appears when
the heavy vesicle falls on the substrate and we assume that the
nucleation of the ﬁrst adhesion patch occurs in the centre. The role of
the dimple in the patch mechanism is discussed in the comparison of
experiments. This assumption does not inﬂuence the scaling laws that
we derive. The ﬂoppy vesicles sit on a liquid “cushion” [42]. The
vesicle is covered with a surface concentration of stickers Γ0, but we
consider that only a fraction of the protein molecules can effectively
be engaged in the adhesion patch. This can be due, for instance, to the
reduced ﬂexibility or accessibility of the acceptor proteins [14]. The
adhesion process starts when a membrane ﬂuctuation pierces this
cushion and integrins on the vesicle membrane can bind to RGDs on
the ﬁbrinogen-coated surface. In the adhesion patch, the sticker
concentration is Γint. The growth is radial and R is the instantaneous
radius. During the patch growth, the liquid is drained away from the
adhesion zone. This spreading process is reminiscent of dewetting
processes [42], which have already been extensively studied [45].
As the contact grows, the liquid of the cushion is collected into a
rim. The dynamics of adhesion is revealed by the motion of the rim
derived from a balance between driving and friction forces. The
driving force is the gain of surface energyW associated to the density
Γl of effective binders formed, i.e. W=ΓlU, where U is the binding
energy per sticker (U≈10 kBT for the integrin-RGD bond [43]). The
Laplace equation at the contact line leads to W = 12σθ
2, where σ is
the membrane tension and θ the contact angle (Fig. 10). The friction
force Fv, as the rim moves, is dominated by the two liquid wedges (A
and B in the inset of Fig. 9) Fv≈ 6ηθ Vln, with η the liquid viscosity. The
balance of the two forces leads to ΓlU≈ 12σ θ2≈
6η
θ Vln, i.e. V=V*θ
3,
where V* = σ6ηln and ln is a logarithmic factor of order 10 [45]: the
velocity V = dRdt is constant with time, and R=V*θ
3t.
Let us ﬁrst assume that Γl=Γlmax, the maximum number of bonds
that can form. Note that, as mentioned above, in general ΓlmaxbΓ0 with
Fig. 11. Power laws for the time evolution of the contact radius of single patches. A) Fit
with t5/8, following the model of the current paper; 2 different patches of Fig. 7 are
displayed. The time origin has been shifted to zero. B) Comparison between ﬁts with R
(t)=R0+(t− t0)5/8 (dashed line) and R(t)=R0+(t− t0)1/2 (full line) in a log–log plot.
The 2 scaling laws cannot be distinguished.
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growth law is then linear with time and given by:
R = V*θ3Et ð1Þ
with θE being the local equilibrium contact angle of the patch.
However, the assumption Γl=Γlmax is only valid at long times, when
the area of the patch is large compared to Dt, with D the diffusion
constant of the integrin in themembrane. At short times (or conversely
for small adhesion patches), the growth process is enhanced by the
diffusion of the integrin molecules, which accumulate in the adhesion
zone, producing there a protein density ΓintNΓlmax. The corresponding
model has already been presented in [17], but is brieﬂy summarized
here to set the notation that will be further useful. There is balance
between the number of protein molecules diffusing from the area Dt
and entering the patch. Thus:
R2ðΓint−Γlmax Þ≈DtΓlmax ð2Þ
Using the relation ΓlU = 12σθ
2, Eq. (2) leads to:
ðθ2−θ2EÞ =
Dt
R2
θ3E;
where θ and θE are the equilibrium contact angles corresponding to
W(Γint) and W(Γlmax) respectively. The dewetting velocity deduced
from Eq. (2) is [45]:
dR
dt
= V*θ3≈V*θ3E 1 +
Dt
R2
 3=2
ð3Þ
For R2bDt, this leads to:
R4≈V*θ3EðDtÞ3=2t ð4Þ
or equivalently to:
R = αt5=8 ð5Þ
and
α≈ðV*θ3ED3=2Þ1=4 ð6Þ
For R2>>Dt, we recover Eq. (1). The cross-over between both
regimes is given byR2=Dt, and thus obtained for t = tc = DðV*θ3EÞ2
= DV2
at R = Rc = DV (Fig. 10).
To summarize, we expect theoretically to observe two regimes for
the growth of the patch (see Fig. 10):
• at short times t˜ = ttc b1, R˜ =
R
Rc
∝ t˜5=8. As seen in Fig. 10, diffusion is
faster than dewetting, leading to an enrichment in ligands (Γint>>Γ-
max) in the adhesive patch, which increases the driving force. This
regime should correspond to the nucleation and growth of the single
small patches in our experiments.
• at longer time t̃ N1, Γint≈Γlmax and R̃∝ t̃ [42]; the diffusion does not
play a signiﬁcant role. As the size of the patch becomes comparable
to the vesicle size, Γint becomes of the order of Γlmax. Note also that in
our experimental case, the initial nucleation takes place not at the
centre, but on the edge of the cushion, which is thinner (because a
dimple is formed during the formation of the cushion, caused by
the hydrodynamic pressure gradient associated to the drainage of
the intercalated ﬁlm). It leads to the formation of a ring-shaped
adhesion patch, which grows towards the inside to form a
homogenous adhesion disk (Figs. 7 and 8). The measured
parameter is the inner radius of the ring Ri, which is decreasingduring the spreading, whereas the outer diameter of the ring R0 is
constant (Fig. 9). We thus expect that:
dRi
dt
= −V*θ3E = −V ð7Þ
4.2. Comparison with experiments
• Short time regime: growth of single adhesion patches
Theﬁrst nucleation of patches occurs at the edge of the contact zone,
probably because of the formation of a dimple at the centre of the
contact zone [17]. This is very similar to the adhesion of a rubber
material on a wet surface [46]. Subsequently, other adhesion patches
appear and grow. The graph in Fig. 8 shows that the contacts appear at
different times.
We have ﬁtted our data with a 5/9 power law according to Eq. (5)
(Fig. 11A). To compare several consecutive adhesion patches, the data
were shifted to t=0. Two examples are given in Fig. 11A, showing a
very good agreement with the scaling predicted by the theoretical
model.
As mentioned above, a t1/2 scaling has also been predicted by other
models. The plot in Fig. 11B shows that the data are equally well ﬁtted
with the two scaling laws. In a log–log representation, both power
laws mainly deviate at short times. The optical spatial resolution
together with the temporal resolution set by the acquisition time
are not sufﬁcient to discriminate between these two power laws.
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experiments with Eq. (5) and compare it with the value estimated
from Eq. (6). Taking D=0.6×10−12m2/s measured by FRAP for the
integrin [43], σ~10−6N/m as membrane ﬂuctuations are optically
detected, η=10−3Pa s and the contact angle θE~0.1 rad [14], we
obtain α=4×10−7 SI. Our data ﬁts give α=(1.2±0.1)×10−7 SI. The
agreement is fairly good if we consider that the different parameters
have been roughly estimated. Thus, the de Gennes/Brochard-Wyart
theory for the growth of adhesion patches of ﬂoppy vesicles is
consistent with our experimental results in this regime.
• Long time regime: closure of the adhesive ring
In this regime, the adhesive patches have fused forming a ring,
which further spreads toward the centre of the adhesion zone. In
passing, we may mention that similar adhesion patches with a ring-
like shapewere observed in the “reverse” systemwith the integrins on
the substrate studied byMarchi-Artzner et al. [28]. In the inset of Fig. 9,
a schematic view of the ring closure is shown.
According to Eq. (7), we expect a linear decrease of the inner
radius of the ring, which is indeed observed experimentally (Fig. 9).
From the slope of Ri(t), we obtain that the measured dewetting
velocity is V=2×10−8 m/s, whereas a direct estimation using the
same typical parameter values yields V=1.7×10−8 m/s. Note that
this velocity is also of the same order of magnitude as the velocity
measured in the Sackmann's group for very low RGD concentrations
in the membrane [27]. Interestingly, similar low velocities can also be
found with the streptavidin–biotin pair, when the accessibility of
the receptor is reduced [14]. Here, we ﬁnd that only a fraction of
the bonds is engaged in the adhesion patch. Indeed, we ﬁnd that
the adhesion energy density is weak W = Γlmax × U = 6η
V
θE
Ln≈
6⋅10−9Jm−2, of the same order of magnitude as the energy density
measured with a weakly binding system [24]. It corresponds to a
density of bonds effectively engaged in the adhesion Γlmax=0.1%×Γ0.
As ﬁbrinogen is immobilized on the substrate and randomly oriented,
it might reduce in vitro the accessibility of the binding sites to the
integrin and thus the number of bonds effectively formed.
• Another important parameter of the model is the cross-over time
tc. With V=2×10−8m/s, and D=0.6×10−12m2/s, we obtain an
estimation of tc≈103 s. A direct comparison with our experiments
is delicate because of the intermediate regime of coalescence
between patches; yet, we ﬁnd that the transition between ﬁrst and
third regimes occurs at about 400 s, which is of the same order of
magnitude than the predicted value.
• Consistency of the model
We believe that the strength of our model lies in the fact that two
distinct regimes can be described within the same theoretical
framework. In the ﬁrst regime, the prefactor is related to both the
dewetting velocity and the diffusion coefﬁcient D of the integrins in
the membrane. In the second regime, diffusion is negligible and
spreading is solely governed by dewetting. Consequently, as seen
from Eqs. (1) and (6), an estimate of D can be obtained from the ratio
α4
V
 2=3
, where α and V are the two measurable parameters. Doing so,
one ﬁnds D≈0.2×10−12m2/s, which is in very good agreement with
the value of the literature (D=0.6×10−12m2/s [43]). This consis-
tency is an additional proof that our model is well adapted to describe
the two regimes of spreading for ﬂoppy vesicles covered with a low
density of integrin, similar to those of most of eukaryotic cells.
Moreover, as the model is in quantitative agreement with the
experiments, this also conﬁrms the proposition that the density of
integrin in the patch Γint is of the same order of magnitude as Γlmax on
the rest of the vesicle, suggesting that the adhesion process in these
conditions does not produce an integrin enrichment in the adhesion
zone.5. Conclusion
Wehave presented in this paper the ﬁrst successful achievement for
the preparation of a functional biomimetic system containing integrins.
Wehave used a combination of tests showing that theprotein is actually
reconstituted in the GUV and that its interaction with the RGD peptide
has been preserved. This system is well suited to study the ﬁrst steps of
cell spreading and the role of integrin at that stage.Wehave shown that
the integrin-coatedGUVs spread onto aﬁbrinogen-coated substrate in 2
steps: aﬁrst period duringwhich small adhesive patches growwith a 5/
8 time dependence, then fuse and form an adhesive ring, and a second
periodwhere the ring closeswith a radius decreasing linearlywith time,
and eventually forms an adhesive disk. These 2 regimes are quantita-
tively well described by a single theoretical framework derived from
previous papers from de Gennes and Brochard-Wyart. One important
consequence of our experiments is that the initial spreading of cell,
before the formation of focal points, should not produce a signiﬁcant
enrichment of integrins in the adhesion zone. This could be tested in the
future using ﬂuorescence technique such as TIRF (Total Internal
Reﬂection Fluorescence) to measure the relative concentration of
integrins in the adhesion zone and in the rest of the vesicle. This
suggests that one of the roles of the actin cytoskeleton could be to
stabilize more integrins in the adhesion zone, to eventually form focal
adhesion spots. This could also be tested later in vitro. But, this is still a
challenge to introduce actin and the major proteins involved in the
signalization between integrin and actin into these integrin-reconsti-
tutedGUVs.Nevertheless, our system represents a ﬁrst accomplishment
in this bottom-up approach.
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